The minute myxomycete Barbeyella minutissima Meyl. was studied with scanning electron microscopy. 
Introduction
The minute myxomycete Barbeyella minutissima, described by Meylan (1914) from the Swiss Jura, forms a monotypic genus with an uncertain position within the taxonomic system of the Myxomycetes (Alexopoulos & Brooks 1971 ) . Only known from about 60 collections and fewer than 30 localities world-wide, B. minutissima was long thought to be exceedingly rare. However, within a study of its microhabitat requirements (Schnittler, Stephenson & Novozhilov 2000) the species was found in two localities with abundant fructifications. One locality is situated in the Appalachians in eastern North America (Stephenson 1983) , and the other in the German Alps (Schnittler & Novozhilov 1998) .
The goal of the present paper is to describe the ultrastructure of the sporocarps of Barbeyella minutissima, report our observations relating to sporocarp development, and discuss possible systematic relationships of Barbeyella with other myxomycete genera.
Materials and methods

During a two-week long investigation in the Northern
Ammergauer Alps, Bavaria, fresh sporocarps of B. minutissima were observed by means of magnifying (3 x) glasses in the field and frequently collected. For the developmental observations, material from eastern North America (Blister Run in West Virginia, see below) was used. Ultrastructural investigations were carried out with material from three localities, one in the European Alps and two in the Appalachians. For comparison of morphological structures, material from Echinostelium arboreum H.W. Keller & T.E. Brooks (1976) collected in Kazakhstan was used.
Sporocarps from air-dried specimens collected in the field were studied with a JEOL 35c scanning electron microscope at the Komarov Botanical Institute in St. Petersburg. Air-dried sporocarps were mounted on copper stubs using a double-sided sticky film and sputtercoated with gold up to 200-500 A thickness . Cross-Figs. 1-9. SEM micrographs of Barbeyella minulissima from the German Alps, Bavaria (Schnilller 5404). -1: Habit of an entire sporocarp. Bar = 100 11m. 2: Sporotheca with the plates of the peridium breaking along pre-formed ridges. One large and several small holes are isible on the dehiscence lines. Bar= I 0 11m. 3: Detail of a peri dial plate with an attached thread of the capillitium. Bar = I 0 11m. 4: Sporocarp after spore dispersal; plates of the capillitium are attached to the threads of the capillitium. Bar = I 0 11m. 5: Upper part of the stalk. Bar = I 0 11m. 6: Uppermost part of the stalk fanning a columella after extending through the peridium, then branching abruptly into the capillitial threads. Bar = 10 11m. 7 (Inset): Detail of a broken, hollow capillitial thread. Bar = I 11m. 8: Margin of the peridium. Wart-like processes are connected by a network of small ridges form an opening mechanism along the margin of the capillitium plates, thus working like a zipper. Bar = I 0 11m. 9: Detailed iew of processes along the margin of a peri dial plate. Bar = I 11m. sections through stalks were cut with a razor blade. Morphological terms used for descriptions of sporocarps are those found in Lado and Pando (1997) . With a few exceptions for which references are given, names of myxomycete species mentioned herein fo llow Martin and Alexopoulos (1969) .
Specimens examined: Barbeyella minutissima: Germany. Ba ·aria, Karwendelgebirge, Garmisch-Partenkirchen: decorticated logs of Picea, moist wood covered with a thin layer of mosses and algae, in a narrow, deep left side valley of the 'Partnachklamm ', spruce-fir woodland ca. 800 m SSE of the 'Kochelberg-Alm ' , 1050 ± 20 m, 47°31 ' 55" N 10°24'20" E ± 3 km, 18.-24.X.l994 Schnittler 5367, 5388, 5359, 5404, 5435, 5442, 544 7 (JE, Schnittler & Novozhilov 1998 Stephenson 1557 , 2399 , 2404 , 3336, 3587, 3620, 3634, 3635, 3645, 3649, 3662, 3663, 3668, 3679, 3680, 3682, 3684, 3686-3688 (FWVA, Stephenson 1983 .
Echinostelium arboreum: Kazakhstan. Mangyschlak Peninsula: Aktau; obtained in moist chamber culture from the bark of Sa/sola arbuscula Pall. , stony ground over limestone, near the upper edge of a cliff ca. 1 km NW of the well Sauttuy at the eastern margin of the depression Karagije, 110 m, 51 °52'37" N 43°3 1 ' 23" E ± 1 km, 30.IV.l995 Schnitt/er 6809 (JE).
Results
Barbeyella minutissima is a very distinctive myxomycete; the species can be identified easily by the tiny, black and long-stalked sporocarps. Since taxonomic descriptions based on observations with the light microscope were gi en by Kowalski and Hinchee (1972) and Lakhanpal and Mukerji (1976) , we mention herein only features revealed from observations with the scanning electron microscope (SEM).
The globose sporotheca is attached to a long, slender and tapering stalk (Fig. 1) . Alexopoulos ( 1969) reported the stalk as stuffed with granular deposits, whereas Kowalski and Hinchee (1972) described it as hollow. We found in several sporocarps examined by SEM the stalk base to be solid and stuffed with granular material except for a few bubble-like holes that may be remnants of the stalk cavity. However, the capillitium was always observed as hollow (Fig. 7) . The upper half of the stalk tapers to a diameter ofless than 10 )lm at the base of the sporotheca (Figs. 2, 5) and continues inside the sporotheca as a columella, which abruptly merges into a few main capillitial branches (Figs. 4, 6, 12) . The globose to slightly prolonged sporotheca has a wrinkled, cartilaginous peridium. As it is the case for several species of Licea, the peridium dehisces into lobes along pre-formed lines (Figs. 2, 13 ). The lower, prolonged lobes are connected with the stalk, giving rise to an irregularly stellate appearance for dehisced sporocarps. The upper lobes are rounded and connected to the capillitium only via funnel-like attachments. The inner surface of the peridium is more or less smooth, but each of the lobes is bordered by a band of irregular, wartlike processes (Figs. 8, 9) . As observed in mature sporocarps under a dissecting microscope, drying leads to a shrinking of the peridiallobes; this causes tension, resulting in a zipper-like opening of these plates along the warted margin. The processes forming the zipper are up to 2 )lm high and often connected by small ridges to form an incomplete network (Fig. 9) . Fresh spores, when observed under light microscope were found to be globose, but shrinking occurs as they become dry, such as when observed under the SEM (Fig.  14) . This produces an angular appearance due to folding of the spore wall, which has a coarse network of ridges. The ornamentation consists of blunt warts up to 0.2 )lm high, seemingly formed by coalescing smaller warts.
Based on measurements of our specimens and those reported in literature descriptions (Kowalski & Hinchee 1972 , Lakhanpal & Mukerji 1976 , Harkonen 1989 , Barbeyella seems to be somewhat variable in size, ranging from 0.2-0.4(-0.9) mm in height, but more or less constant in all other morphological features . A possible exception is a collection of three sporocarps from Oregon (Curtis 1968) , reported as brighter in colour, with a more heavily branched capillitium and larger spores. In general, specimens from eastern North America seem to be slightly larger than those from most other localities where the species has been collected, and the capillitium is more frequently branched (Figs. 11 , 12) . Another remarkable feature is the presence of a hole in the centre of each peridial platelet, where the capillitium joins the latter. Such holes were visible in all three specimens from eastern North America observed by SEM ( Fig. 1 0) ; they were less prominent in the German specimens (Figs. 2, 3) .
The ultrastructure of Echinostelium arboreum H.W. Keller & TE. Brooks (1976) shows a number of similarities to that of Barbeyella . Both species have a true columella and a peridium at least during early stages of development, but two features differ. First, in Echinostelium arboreum the peridium opens with sutures instead of ridges (Fig. 20) . Second, the capillitium of mature sporocarps has usually no connection to the peridium (Fig. 22) , whereas it remains connected in Barbeyella. However, SEM micrographs provide evidence that in early stages of development the capillitium is connected with the peridium. Less prominent than in Barbeyella, small, funnel-like depressions can be seen also in Echinostelium arboreum. These are located near the centre of the peridial lobes (Fig. 20) . Although not mentioned by the authors, Fig. 3 in the paper by Haskins and McGuiness (1989) describing the ultrastructure of E. arboreum also shows such depressions. The connections between peridium and capillitium usually vanish, but can be seen in an occasionally still connected peridiallobe (Figs. 23, 24) . Another structural feature shared by Barbeyella minutissima and Echinostelium arboreum are the hollow threads of the outer capillitium (Figs. 7, 21 ) .
During the field investigations in the German Alps, we observed plasmodia of Barbeyella, which were first noted by Jarocki (1931) . These plasmodia have the appearance of a protoplasmodium, about 1.5 times the size of the sporothe- ca in mature sporocarps, appearing firstly transparent, colourless and hemispherical, later becoming sprinkled with darker tints and finally turning milky throughout. Developing sporocarps appear always scattered and isolated and are never connected by plasmodial strands. Sporocarp development was observed on specimens from eastern North America (Appalachians, Blister Run). Three stages of development could be distinguished under a dissecting microscope (100 x), and several sporocarps were prepared as mounted slides (Figs. 15-19 ). First, a dark stalk initial forms inside the plasmodium. The remaining, milky plasmodial mass moves up the stalk, elongating it as a result. In this stage, the stalk is still shorter than in mature sporocarps, with a ball of entirely unstructured, translucent to milkywhite, shining protoplasm at the top (squashed mass in Fig. 15) . In a second stage, when the stalk has reached its final length, elevating the sporotheca initial thereby, the capillitium and peridium are formed. The first step was not observed directly, but in Fig. 15 patches of granular deposits can be seen, which are probably the initials of fl- the peridial plates. The next developmental step captured shows capillitial threads arising from the tip of the columella, which are connected to the developing platelets of the peridium (Fig. 16) . Funnel-like invaginations of the hollow capillitial threads let the peridium appear as an extention of the capillitium (Fig. 18) . Where the edges of these funnel-like structures meet, the margins of the peridial platelets develop (Fig. 16) . At this point, the plasmodial mass is still unstructured. In a third stage (the capillitium is already fully developed), the internal protoplasma mass begins to undergo spore cleavage. Spores are at first almost colourless and lack ornamentation (Fig. 17) . Later, the zipper-like structures on the margins of the peridial platelets are formed. Simultaneously, peri dial platelets become fully visible by thickening and intensive pigment synthesis (Fig. 19) . The sporocarp colour changes from light brown to dull brown and finally black.
Discussion
The SEM micrographs of mature specimens of Barbeyella minutissima show a capillitium apparently growing as an extension of the columella, firmly connected to the stalk. These morphological features are similar to those found in the Stemonitales. Since members of this order of myxomycetes are the only myxomycetes characterised by sporocarps with an epihypothallic pattern of development, the question arises as to how the fructifications of Barbeyella develop. Unfortunately, due to its special microhabitat requirements, it is unlikely that Barbeyella will grow easily in culture. Up to now, the observations reported above, made of sporocarps from carefully collected, long stripes of wood from a decorticated log, provide the only indications about the developmental pattern of the species. Several lines of evidence for an epihypothallic development, as reported by Ross (1973) for the Stemonitales, can be derived from our de elopmental and ultrastructural observations. First, an unstructured protoplasma mass lacking a firm peridium and elevated by the developing stalk was seen in the dissecting microscope. Second, the stalk of Barbeyella tapers into a true columella from which at least partly the capillitium derives (Fig. 6) , as reported for Stemonitis virginiensis by Mims (1973) . Third, the peridium is seemingly discontinuous to the stalk (Fig. 17) , as indicated by the narrow angle between peridium and stalk at the base of the sporotheca. Again this is a stemonitaceous feature (Ross 1957 (Ross , 1973 .
Based on its overall habit, Barbeyella was first thought to be related to Lamproderma, and until publication of the monograph of Martin and Alexopoulos ( 1969) , it was considered to belong to the family Stemonitaceae. Alexopoulos and Brooks (1971 ) , who reviewed the taxonomic history of the species in detail, erected the new family Clastodermaceae and included Barbeyella and Clastoderma in the order Echinosteliales. Their main reasons were the occurrence of a protoplasmodium and the subhypothallic type of development assumed for Barbeyella . Kowalski and Hinchee (1972) also suggested a close relationship with Clastoderma , the second genus of the Clastodermaceae. They mentioned three main characters shared by both genera: again, the protoplasmodium which was demonstrated for Clastoderma debaryanum by McManus ( 1961 ) , the hollow stalk stuffed with refuse matter at the base, and a capillitium firmly attached to the peridium. More recently, Frederick et al. (1986) , while undertaking an SEM-based study of Clastoderma debaryanum , found strong e idence that the peri dial platelets at the end of the capillitial threads are not of peridial origin. These results were confirmed by Eliasson and Keller (1996) . The only true peridium seems to be the collar at the base of the sporotheca, a character also found in some species of Echinostelium. This observation makes the third of the three characters shared by Barbeyella and Clastoderma obsolete, and it would appear that the latter genus is more similar to Echinostelium.
The paper on the ultrastructure of E. arboreum by Haskins and McGuiness (1989) , as well as the SEM photographs presented herein reveal a number of structural similarities between Barbeyella minutissima and Echinostelium arboreum. Common features like a peridium connected to the capillitium by funnel-shaped invaginations at least in early stages of development, hollow capillitial threads, and a stalk extending into the sporotheca as a true columella make a similar type of sporocarp development in both species likely. At least Echinostelium species with a stalk continuing into a true columella and a collar around the base of the sporotheca would seem to develop in an epihypothallic man-ner. Haskins (1978) provided eYidence for this type of development by demonstrating the progressive elevation of the sporotheca initial from the substratum by the growth of the stalk, very similar to our observations in Barbeyella. Tracing this line of thought-epihypothallic development with a true columella and a collar -further, the logical continuation would be towards the Stemonitales, first with the genera Lamproderma and Macbrideola, both including species with a persistent peridium similar to that found in Barbeyella. Indeed, in Macbrideola scintillans the peridium is attached to a few, stout capillitial branches just like in Barbeyella (in small sporocarps, the capillitium does not branch and the peridium is attached directly to the end of the columella that extends through the whole sporotheca). In Enerthenema, this funnel-like connection of the columella tip to the peridium remnants, which is present even in mature specimens as a disk around the tip, is a diagnostic character for the genus. Funnel-like ends of capillitial threads that are connected to the peridium also occur in Lamproderma atrosporum, a nivicolous species with a more or less persistent peridium. It may be possible that a phylogenetic line leads from species of Echinostelium with a well developed columella and a collar, such as E. arboreum, through forms like Barbeyella to members of the Stemonitales with a persistent peridium. Following this hypothesis, Barbeyella may represent a 'missing link' between the Echinosteliales and the Stemonitales, in the latter group perhaps closest to the genera Macbrideola or Lamproderma . Analysis of DNA sequences would be a highly desirable tool to reveal the true phylogenetic relationships of Barbeyella with other genera ofmyxomycetes.
